Since molecular cloning of the C. elegans ced-3 gene revealed its homology with mammalian IL-1b-converting enzyme, 1 14 members of the caspase family have been identified, which have often been involved as mediators of one or more phases of the apoptotic process.
Proin¯ammatory role of caspases: processing of IL-1b and IL-18 by ICE IL-1b-converting enzyme ICE (now caspase-1) was originally identified as the protease responsible for the production of active IL-1b, 5, 6 a multifunctional cytokine that affects nearly every cell type and plays a central role in inflammation and associated pathological conditions. 7 IL-1b is initially synthesized as an inactive precursor molecule (proIL-1b) that lacks a signal peptide and hence remains inside the cell. 7 Several enzymes are capable of processing proIL-1b into an active mature molecule. 8 Among these, ICE cleaves the inactive 31 kDa precursor after Asp116, releasing the 17.5 kDa mature form of the cytokine. 9 Mature IL-1b is then secreted in the extracellular compartment via a nonclassical secretory pathway that seems to involve exocytosis of lysosomalrelated organelles. 10 The evidence that ICE plays a dominant role in the generation of mature IL-1b was derived from mice deficient in this enzyme, which are overtly normal but have a major defect in the production of IL-1b after stimulation with lipopolysaccharide (LPS), and are resistant to endotoxic shock. 11 Cells from most tissues in ICE-deficient animals undergo apoptosis normally, hence questioning a consistent proapoptotic function of this caspase. 11 ICE is not able to process IL-1a. 12 However, IL-1a production is also impaired in these mice, 12 suggesting a possible indirect role of ICE in IL-1a production.
X-ray diffraction of the crystal structure of ICE revealed a homodimer composed of two p20/p10 heterodimers. 13 These subunits are derived from a p45 ICE precursor by proteolytic cleavage at Asp residues 103, 119, 297 and 316; 13, 14 although recombinant ICE is capable of processing and activating itself at concentrations of 4.4 mM or more, it is unlikely that this represents the mechanism responsible for ICE activation in vivo, since the level of pro-ICE is low in all cells. 15 Conversely, it has been proposed that ICE activation requires caspase-11, a recently cloned murine caspase. Cells from caspase-11 knockout mice are resistant to apoptosis induced by ICE overexpression and are defective for the production of IL-1a and IL-1b after LPS stimulation. 15 The activation of ICE in vivo is likely to be achieved through interaction with caspase-11, whose expression is highly inducible after LPS stimulation, thus pointing to this enzyme as a member of the proinflammatory subfamily of caspases. 15 Although the activation of proapoptotic caspases has been extensively studied, the apical activation pathways for proinflammatory caspases remain largely unknown. The Nterminal domain of caspase-1 contains a caspase-recruiting domain (CARD), a conserved sequence motif of about 90 amino acids that is believed to mediate signaling through protein-protein interactions. The CARD domain is found in several other caspases, in apoptotic signaling modulators such as CED-4, c-IAP1 and c-IAP2, 16 and in a number of recently characterized proteins. 17 ± 22 The CARD domain in caspases is likely to mediate the recruitment of these enzymes to upstream signaling complexes, as has been demonstrated for caspase-2 recruitment to the TNFRI-TRADD-RIP complex by the CARD-containing molecule RAIDD. 23 A new molecule with serine/threonine kinase activity that specifically interacts with the CARD domain of caspase-1 has been recently identified and named CARDIAK. 24 Interestingly, CARDIAK can bind in vivo both TRAF1 and TRAF2, adaptor molecules involved in the generation of NF-kB and Jun N-terminal kinase signaling by TNFR family members. When coexpressed with ICE in 293T cells, CARDIAK leads to the formation of the p20 active subunit of this caspase, suggesting that it may play a role in ICE recruitment to the signaling cascade of TNFR family members. 24 ICE overexpression leads to apoptotic cell death, and ICE activation has been observed in some pathological conditions characterized by enhanced apoptosis, including amyotrophic lateral syndrome 25 and ischemic damage. 26 Thus, it is of interest to evaluate whether ICE activity in IL1b producing cells is always associated with apoptosis or it is compatible with cell survival. Some reports have indeed demonstrated a correlation between IL-1b production and apoptosis of the producing cell. In macrophages infected with Shigella flexneri, the bacterial protein IpaB binds directly to ICE and induces IL-1b release concomitantly with apoptotic death. 27, 28 IL-1b secretion by macrophages has also been observed during cell death consequent to interaction with CD8 + T cells, 29 treatment with silica, 30 extracellular ATP and possibly LPS. 29 Nevertheless, apoptosis does not seem to be a requirement for the processing and release of IL-1b. In addition to the well investigated properties of IL-1b as an autocrine growth factor for acute myeloid leukemia cells, 31 many studies have reported the production of IL-1b by nonapoptotic cells. Murine monocytes that migrate into Peyer's patches during inflammation produce IL-1b before they mature into inflammatory macrophages. 32 A fraction of human hematopoietic progenitor cells has been shown to secrete IL-1b, proliferate and differentiate into multiple lineages. 33 Moreover, enhanced IL-1b production has been observed to correlate with prolonged longevity of peripheral blood monocytes in vitro. 34 Taken together, these data suggest that ICE activation and apoptosis are not necessarily linked although they may occur concomitantly in many inflammatory conditions.
Along with the involvement of caspase-1 in inflammation and its possible role in apoptosis, an intriguing antiapoptotic activity of this caspase has been recently reported. In human polymorphonuclear neutrophils ICE-dependent cleavage of proIL-1b results in a delay of programmed cell death that is abrogated by blocking IL-1b activity with antisense oligonucleotides or with IL-1b antagonist antibodies. 35 These findings suggest a possible protective action exerted by ICE through the processing of IL-1b, which would act in an autocrine manner as an inhibitor of spontaneous neutrophil apoptosis during inflammation.
The pivotal role of caspase-1 in the regulation of proinflammatory networks has been strengthened by the demonstration that this caspase processes and activates proIL-18 to yield the mature form of the cytokine. 36 IL-18 (previously called IGIF, Interferon-g Inducing Factor), is a novel cytokine that plays an important role in the Th1 response, primarily by its ability to induce IFN-g production in T cells and natural killer cells. 37 Caspase-1 processes proIL-18 and proIL-1b with equivalent efficacy in vitro, and caspase-1 inhibitors block both LPS-induced IL-1b and IFNg production in mononuclear cells. 36 Furthermore, ICE
mice show a defect in LPS-induced IFN-g production. 36 These results implicate caspase-1 in the physiological production of IL-18 and point to specific caspase-1 inhibitors as possible multipotent anti-inflammatory drugs, which may be potentially useful in many pathological conditions. Peptidyl ICE inhibitors have been shown to reduce IL-1b serum levels and disease severity in a mouse model of rheumatoid arthritis, 38 and may prove to be helpful for the treatment of other inflammatory or autoimmune diseases in which IL-1b has been shown to be an important mediator. 39, 40 A nonapoptotic role for proapoptotic caspases?
It may be difficult to imagine a physiological role for caspase-3-like proteases outside of the apoptotic pathway, since the large majority of the studies concerning caspases of the CPP32 subfamily have highlighted the relationship between their activation and the onset of cell death. This is not the case of a recent report on the role of Hsp70, 41 an anti-apoptotic protein which has been shown to have a protective function against stress and a number of apoptotic stimuli. Hsp70-overexpressing cells have been observed to respond to apoptotic stimuli by activation of stress-activated protein kinases, generation of free radicals, early disruption of mitochondrial transmembrane potential, release of cytochrome c from mitochondria and activation of caspase-3-like proteases; however, they show a strong reduction in apoptosis levels following treatment with TNF, staurosporine and doxorubicin. 41 Notably, these cells are able to regain a normal growth rate in spite of the cytochrome c efflux and the cleavage of caspase substrates such as PARP, PKCd and cPLA 2 . 41 Although other studies are required to demonstrate the relevance of these data, these results may indicate that the`point of no return' in the apoptotic pathway can be downstream of caspase activation.
A first report by Miossec et al, describing caspase-3 activation in PHA-stimulated T lymphocytes in the absence of apoptosis, 42 became the starting point for an interesting debate on a possible nonapoptotic function of the best characterized and most efficient executioner of the apoptotic process. In this work, Western blotting experiments showed that the caspase-3 precursor is massively cleaved into the active form during early stages of T lymphocyte proliferation in the absence of detectable cell death. 42 New findings come later to support the participation of caspase-3 like proteases in T-cell activation. The activation of caspase-3-like enzymes in the absence of apoptosis has been once again detected in T lymphocytes stimulated with mitogens and IL-2, and measured in cell extracts from spleen and lymph nodes of mice injected with superantigen. 43 This caspase activity associated with T cell activation and proliferation was much higher than that found in tumor cells undergoing apoptosis, 43 suggesting the presence of a strongly effective checkpoint downstream of caspases that would inhibit the inappropriate and premature death of the cell.
Contrasting results were obtained by another group, which was unable to observe caspase-3 activation in mitogen-stimulated T cells, both in intact cells and in
Western blotting experiments performed with a cell lysis method that avoids secondary caspase activation following mechanical cell disruption. 44 Those findings led the authors to hypothesize that post-lysis release of granzyme B or a related serine protease with specificity for aspartic acid may be responsible for an artifactual activation of caspase-3. In line with this hypothesis, they showed that a specific inhibitor of granzyme B was able to inhibit the post-lysis processing of caspase-3 without interfering with a pre-lysis activation that is found in cells undergoing apoptosis. 44 Nevertheless, these discrepancies remain unsolved, as demonstrated by a recent paper that shows the occurrence of a caspase-3-like activity in PHA-stimulated Jurkat T-cells in the absence of apoptosis, 45 using buffer conditions that should avoid post-lysis granzyme B-mediated activation of caspases. Moreover, experiments with caspase inhibitors on intact activated Jurkat cells support the hypothesis that a caspase-3-like activity is necessary for IL-2 release. 45 However, since IL-2 is not directly activated by proteolytic cleavage, the role of caspase-3 in the biochemical pathway that leads to IL-2 release remains enigmatic.
An interesting support to the hypothesis that caspase-3 activation occurs in living cells comes from the studies on interleukin-16 maturation in T cells. IL-16 is a pleiotropic inflammatory cytokine secreted predominantly by CD8 + lymphocytes, which exerts chemoattractant and growth factor activity towards lymphocytes, monocytes and eosinophils. 46 IL-16 precursor protein is processed by caspase-3 (and possibly by other caspases with similar specificity) and released as biologically active mature IL-16. 47 Interestingly, IL-16 production, along with caspase-3 activation, has been detected in both resting and activated CD8 + T cells and in activated CD4 + T cells, without any apparent sign of apoptosis. 48 Activated caspase-3 has also been purified from the cytosol of monocytic THP-1 cells, where it is supposed to act as an`IL-18 degrading enzyme' which cleaves both precursor and mature IL-18 to generate biologically inactive products. 49 These findings suggest again that, although caspase-3 is an important mediator of apoptotic signals, it may have other functions in addition to that of apoptotic executioner.
A possible, yet far from certain, role for caspases in the biochemical events that regulate cell proliferation is suggested by caspase-mediated processing of proteins involved in the control of cell cycle progression. Cleavage of Rb, 50 PAK2, 51 DNA-replication complex, 52 an element of PITSLRE kinase 53 and cyclin A2 (Xenopus), 54 has been observed only during the onset of apoptosis, but it might also occur as a regulatory mechanism under different circumstances in the life of a cell. Moreover, several caspase-3 substrates increase their activity after proteolytic cleavage. 55 These substrates include members of the MAP kinase family and Ras-related G-proteins, 55 which are known to play a role in T-cell activation. 56 However, since the cell cycle is normal in nematodes defective for the ced-3 gene, 57 a hypothetical function for caspases in the regulation of cell cycle events should have evolved recently.
Caspase-mediated processing of MDM2 ± a negative regulator of the p53 tumor suppressor ± has been observed in human tumor cell lines in the absence of apoptosis. 58 MDM2 processing has been shown to occur prior to the onset of apoptosis and to be mediated by a DVPDcleavage activity distinct from caspase-3, -6 and -8. MDM2 cleavage yields a 60 kDa product that is still able to bind p53 but loses the capacity to promote p53 degradation, and hence may potentially function in a dominant-negative fashion to stabilize p53 before commitment to cell death. 59 The potential role of caspases in the regulation of activation-and proliferation-related cellular events is possibly obscured by knockout mice models, since the majority of these animals display premature lethality due to profound abnormalities in development. 60 ± 63 More information should be obtained through the creation of mice expressing inducible or tissue-restricted dominant negative forms of caspases, through specific ablation of caspase genes in adult tissues and organs or through controlled expression of protein caspase inhibitors.
A role for caspases in the regulation of differentiation
When rodent lens epithelial cells terminally differentiate into anucleate lens fibers, at least one member of the caspase-3 subfamily becomes activated and mediates the characteristic cytological changes that lead to fiber formation. 64 This process is promoted by fibroblast growth factor, a multifunctional growth factor required for lens fiber differentiation and protection from apoptosis. 65 Lens fiber differentiation is not an apoptotic process, since differentiating cells do not shrink, nor do they become fragmented or phagocytosed by neighboring cells. By contrast, lens fibers elongate, fill up with crystallins and persist for the lifetime. However, nucleus degeneration during lens fiber development seems to share some features with the nuclear events occurring during apoptosis. Thus, terminal differentiation of lens fibers may be regarded as an incomplete apoptotic process mediated by proapoptotic caspases (Figure 1) .
A novel functional role for caspases in the regulation of differentiation has recently emerged from studies on the interference of death receptors (DR)-mediated signals with erythroblast maturation. Stimulation of immature erythroblasts with low doses of an agonist anti-CD95 (Fas/Apo-1) antibody strongly inhibits erythroid cell expansion and differentiation without inducing detectable signs of apoptosis. Interestingly, CD95-induced differentiation arrest is associated with proteolytic degradation of the major erythroid transcription factor GATA-1, 66 which is cleaved in vitro and in vivo by caspase-3, caspase-7 and caspase-8. 67 Importantly, expression in immature erythroblasts of a mutant caspase-resistant GATA-1, but not of the wild-type protein, is able to completely overcome the antiproliferative and anti-differentiative effects mediated by CD95, thus providing evidence that caspase-mediated cleavage of GATA-1 is responsible for CD95-mediated blockade of erythroid differentiation. 67 The ligands for CD95 and other DR are expressed on mature erythroblasts, which surround immature erythroblasts inside the erythroblastic islands before entering into blood vessels as erythrocytes. 67, 68 Thus it is possible that, in physiological conditions, accumulation of DR ligands expressing mature erythroblasts may temporarily inhibit the expansion and differentiation of immature DR-sensitive erythroblasts through caspase-mediated GATA-1 downmodulation that follows DR triggering. Accordingly, exogenous expression in erythroid progenitors of proteins able to block DR signaling completely abolishes GATA-1 cleavage and overcomes impaired erythroid differentiation triggered by mature erythroblast accumulation. 67 Red blood cell production is promoted by erythropoietin (Epo), a glycoprotein hormone produced by the kidney in response to tissue hypoxia. Because Epo is required for erythroid cell survival, proliferation and differentiation, a decrease in Epo levels represents a major negative control mechanism in erythropoiesis. 69 We recently found that preventing caspase-mediated GATA-1 cleavage is able to significantly protect immature erythroblasts from apoptosis and differentiation arrest following Epo deprivation, 67 suggesting that caspase-mediated GATA-1 cleavage is involved as a general mechanism in the negative regulation of erythropoiesis (Figure 2A) .
The antidifferentiative role of caspases in hematopoietic cells is further supported by the observation that anti-CD95 antibodies induce caspase-mediated differentiation arrest in megakaryocytic cells. 67 In these cells, impaired progression through differentiation is associated with cleavage of NF-E2 and GATA-1, 67 the two transcription factors known to be Although the relative contribution of caspase-mediated transcription factor cleavage in CD95-induced arrested megakaryopoiesis remains to be elucidated, it is likely that GATA-1 depletion plays a major role in this process. This is easily deducible from the phenotype of GATA-1-deficient megakaryocytic cells, which similarly to CD95-stimulated cells fail to undergo endomitosis and show unrestrained proliferation. 67, 71 Thus, we propose caspasemediated cleavage of transcription factors as a new mechanism responsible for the negative regulation of megakaryopoiesis ( Figure 2B ).
Transcription factor cleavage by caspases in a nonapoptotic circumstance has been recently demonstrated for PML/RARa, the fusion protein associated with promyelocytic leukemia. When treated with retinoic acid, leukemic cells differentiate and PML/RARa becomes cleaved by a caspase-3-like activity. 72 However, the precise role of PML/RARa cleavage during differentiation of promyelocytic cells is unclear, since treatment with caspase inhibitors efficiently blocks PML/RARa processing without interfering in the overall differentiation process. 72 In this review we have discussed possible, and in some ways unconventional, caspase functions. Nevertheless, many issues raised here await clarification. First, which would be the escape mechanism from an irreversible death commitment? Are activated caspases sequestered away from death-inducing substrates or are there unknown downstream checkpoints along the apoptotic pathway?
Are as yet unknown members of the caspase family responsible for nonapoptotic functions? Although further studies are required to answer these questions, the results presented in this review suggest the existence of a physiological role for caspases, apart from that of death executioners, providing examples of a circumscribed activation of these enzymes in cells not committed to death.
